Objectives: To examine cognitive abilities of lowincome preschoolers with uncorrected ametropia and effects of spectacle correction.
tion and Wechsler Preschool and Primary Scale of Intelligence-Revised scores, respectively.
Results: At baseline, uncorrected ametropes scored significantly lower on the Beery-Buktenica Developmental Test of Visual-Motor Integration (P=.005) and the Wechsler Preschool and Primary Scale of Intelligence-Revised performance scale (P=.01). After 6 weeks of correction, the ametropic group significantly improved on the BeeryBuktenica Developmental Test of Visual-Motor Integration compared with emmetropic control subjects (P=.02).
Conclusions:
Preschoolers with uncorrected ametropia had significant reduction in visual-motor function. Wearing spectacles for 6 weeks improved BeeryBuktenica Developmental Test of Visual-Motor Integration scores to emmetropic levels.
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A LTHOUGH THERE HAVE BEEN studies examining the relationship of refractive errors and academic performance in elementary school children, [1] [2] [3] [4] [5] few have looked at ametropia and cognitive abilities in younger children. In elementary school children, one study 1 found no relation between refractive errors and scores on tests of academic achievement and reading, whereas others [2] [3] [4] [5] [6] [7] found associations between lower academic achievement scores and hyperopia of 1.25 to 3.00 diopters (D) but not myopia. Younger children (aged 9 months to 5.5 years) with hyperopia of 3.50 D or greater in at least 1 axis were found to have modest but consistent reductions in scores on the Movement Assessment Battery for Children involving visual-motor function. 8, 9 We conducted a study to add to previous research in preschool children 8, 9 and to determine the relevance for clinical practice in the care of preschool children by assessing the cognitive abilities of ametropic children aged 3 to 5 years with a battery of widely used tests that are standardized, agenormed, normalized developmental measures of cognitive abilities and are predictive of academic achievement. 10, 11 Scores on tests performed by children before and 6 weeks after wearing optical correction were compared with those of control subjects assessed at comparable times.
borhood House Association Head Start. Written informed parental consent was obtained.
The study was designed to determine the cognitive abilities of ametropic children before and 6 weeks after wearing corrective lenses in comparison with those of group-matched emmetropic control subjects assessed at the comparable times. The main comparison was between the change on cognitive test scores in the ametropic group before and 6 weeks after wearing optical correction and that in the emmetropic control group.
PARTICIPANTS
Participants in this study were recruited from children seen sequentially on the mobile eye clinic of the University of California, San Diego that serves preschool children attending Head Start (federally funded) and the San Diego Unified School District (state funded). Children in both programs are required to be from low-income families. The curriculum is determined by the preschool administration and is similarly standardized with structured classroom activities. Both programs often use the same facilities. The 70 subjects were enrolled between January 21, 2003, and May 24, 2006 . Inclusion criteria for the ametropic group were uncorrected bilateral hyperopia of 4.00 D or more in children aged 3 to 5 years, astigmatism of 2.00 D or more in children aged 3 years and 1.50 D or more in children aged 4 to 5 years, or a combination of both. Inclusion criteria for emmetropes were bilateral refractive error of 2.00 sphere diopters or less and 1.00 cylinder diopter or less in both eyes. All of the subjects also met the following criteria: (1) had no other eye abnormalities (eg, did not have strabismus, amblyopia [defined as a 2-line visual acuity difference between eyes], cataract, or glaucoma and did not previously wear glasses); (2) had no developmental problems, eg, autism, hearing loss, cerebral palsy, or mental retardation on preschool health records; (3) were aged 3, 4, or 5 years; and (4) used English or Spanish as the primary language.
Overall, there were 81 eligible children. Of these, 5 had parents who declined and 6 moved. Nonparticipants were not significantly different from participants in demographic and vision characteristics (PϾ.05). The sample comprised 35 subjects with previously uncorrected ametropia and 35 emmetropic subjects.
PROCEDURES AND MEASURES

Refraction, Prescription of Glasses, and Compliance
Eye examinations were performed by optometrists in the department's mobile eye clinic. Cycloplegia was induced with a combination of phenylephrine hydrochloride (1.6%), tropicamide (0.167%), and cyclopentolate hydrochloride (1.3%). 12 After waiting a minimum of 30 minutes, all of the children received retinoscopy under cycloplegia and most had autorefraction (Nikon Retinomax K-plus 2; Nikon, Melville, New York) and manifest refraction. The lowest value of refractive error on any test was used to meet study criteria. Visual acuity was assessed before correction prior to cycloplegia and after correction under cycloplegia at near using the Allen Preschool Vision Test and at far using B-VAT PC version 2.3 software (Medtronic Solan, Jacksonville, Florida).
When glasses were prescribed, full astigmatic errors were corrected and hyperopic refractive errors were undercorrected by 1.50 D to 2.50 D or by 3.00 D if the hyperopic component was 7.00 D or more. 13, 14 Children's compliance to wearing glasses was monitored 3 weeks after receiving glasses using a questionnaire completed by parents. Compliance was assessed on the basis of answers to the question "Does your child wear his/her glasses?" on a scale of always, most of the time, sometimes, and never. A child reported as wearing glasses at least most of the time was considered compliant.
Tests of Cognitive Abilities and Behavior
Bilingual English-and Spanish-speaking psychometrists performed developmental assessments at 2 points at the child's preschool or home in accordance with standard highly structured methods. 10, 11, 15 Baseline assessments were conducted an average of 2 weeks after the eye examination. At the end of developmental testing, the prescribed glasses were then given to the child. The second assessment was performed 6 weeks after wearing corrective lenses for ametropic children and at a comparable interval for control subjects.
The The child must satisfy all of the criteria exactly as specified in the manual to receive a score of 1 point. Possible scores range from 45 to 155, with higher scores indicating higher performance. The VMI has been found to be free of cultural biases and to be predictive of school achievement, especially in children from low socioeconomic groups. 10 The Wechsler Preschool and Primary Scale of IntelligenceRevised 11 (WPPSI-R) is a widely used standardized developmental test of cognitive abilities in children aged 3 to 7 years. It is age normed, ie, raw scores are transformed into equivalent scaled scores on the basis of norms defined for each age range. This allows for comparison of children's scores at different ages and times. Possible scores range from 41 to 160, with higher scores indicating higher cognitive abilities (mean [SD] standardized score, 100 [15] ). Credit is given for each item only when the child's answer matches the correct answers listed in the WPPSI-R manual. The WPPSI-R full scale comprises verbal and performance scales ( Table 1) . The verbal scale contains information, comprehension, arithmetic, vocabulary, similarities, and sentences subtests that are free from sensorimotor demand. Performance scale subtests are object assembly, geometric design, block design, mazes, picture completion, and animal pegs. Some degree of eye-hand coordination is required for performance scale subtests except for picture completion, a 28-item subtest for which only vision is required to identify the missing component in a picture. Each WPPSI-R subtest has a mean (SD) scaled score of 10 (3). 11 Performance on the WPPSI-R is strongly correlated with intellectual abilities as measured by other tests and academic achievement, especially reading abilities. 11 The WPPSI-R has been successfully translated into Spanish for research in investigations in Latin America. 15 For this study, the WPPSI-R was translated by a Spanishspeaking clinical psychologist (Brian Lee Ford, PhD) experienced in working with the study population.
Both the VMI and the WPPSI-R use materials (ie, geometric figures, images, and objects) that are large, high contrast, and/or brightly colored.
The Child Behavior Checklist 1.5-5 English/Spanish 16 (CBCL) is completed by parents and is widely used in clinical research to assess behavioral problems. Referral to a mental health professional is recommended at a standard score of 65.
Demographic and family health information came from standard medical questionnaires completed by parents.
STATISTICAL ANALYSES
Statistical analyses were conducted using Statistica for Windows version 6.1 statistical software (Statsoft, Tulsa, Oklahoma). Demographic and health characteristics listed in Table 2 were considered as potential confounding variables and were assessed as possible covariates. Continuous variables were compared using 2-sample t tests or using Wilcoxon rank sum tests if normality and homogeneity of variance assumptions were not met. Discrete variables were compared using 2 analysis and Fisher exact test. If differences between groups were detected and factors were found to be associated with the outcome variables, confounders were included as covariates in an analysis of covariance model.
The VMI score was the primary outcome measure. Secondary outcome measures were the WPPSI-R and CBCL scores. A general linear model was applied on each outcome measure to allow for inclusion of covariates in the analysis. If no significant covariate was found, repeated-measures analyses of variance (ANOVAs) were performed on overall standardized test scores of outcome measures with 1 within-subject factor, time (2 levels: baseline and reassessment), and 1 between-subject factor, group (2 levels: ametropia with correction vs emmetropia). The timeϫgroup interaction was used to compare slopes or change in scores between ametropic and emmetropic groups. Group ϫ subtests multivariate ANOVAs on subtests of the WPPSI-R performance and verbal scales were performed. If assumptions of normality and homogeneity of variances were not met for each variable, a nonparametric test, ie, Mann-Whitney rank sum test, was performed on the difference scores. Comparisons with normed values were performed with 1-sample t tests.
Associations between ophthalmic measures and developmental outcome variables, ie, VMI, WPPSI-R, and CBCL scores, were examined using Pearson r or using Spearman if assumption of normality was not met. Analyses were reported only on visual acuity before correction prior to cycloplegia at far distance because only this measure detected a difference between ametropes and emmetropes. Refractive errors were transformed based on a Fourier analysis into a power vector representation of spherocylinders to provide 1 value for statistical analyses that captures interactions between the 3 components of refractive error. [17] [18] [19] [20] The statistical significance level was set at P=.05. With the sample size of 70 subjects, the power was 0.61 to detect the observed effect size of 0.55, a standardized difference of 6 points on the primary outcome measure, ie, the VMI score.
RESULTS
DESCRIPTIVE ANALYSES
The sample comprised 70 (35 ametropic and 35 emmetropic) low-income children enrolled in Head Start and pub- Table 2 ). The mean age was 4.6 years; 60.0% were female; and 85.7% were Latino. There were no differences between the ametropic and emmetropic groups in demographic or medical characteristics (Fisher exact test, 2-tailed PϾ.05). No demographic or medical characteristics were associated with outcome variables (PϾ.05). Therefore, no covariate was included in the ANOVA model. Other factors not reported in Table 2 , ie, prematurity, marital status of parents, place of testing, family mental health history, and interval were balanced between the 2 groups and not associated with test scores (PՆ.63).
Comparisons between the clinical characteristics of the ametropic and emmetopic groups and among the subtypes of refractive errors in the ametropic group revealed differences between groups and among subtypes as shown in Table 3 and Table 4 .
Values from cycloplegic retinoscopy and autorefraction were highly correlated (Spearman Ն0.71; PϽ.001). Correlations were highly significant (P Յ.001) between the amount of refractive error expressed in sphere and cylinder diopters, the power vector representation of spherocylinders, and the visual acuity at far distance before correction prior to cycloplegia expressed in logarithm of the minimum angle of resolution in the best eye (ie, the eye with the lowest amount of refractive error).
At baseline and 6-week reassessment, there were significant correlations between scores on the VMI and WPPSI-R full scale as well as the WPPSI-R performance scale (r 70 Ն0.51; P Ͻ.001 for the entire sample). Scores on the VMI were moderately correlated with results on WPPSI-R verbal scale at baseline (r 70 = 0.28; P =.02) but not at 6-week reassessment (r 70 = 0.19; P = .11).
The 35 ametropic children had worn their glasses always or most of the time for the 6-week period. Five children broke or lost their glasses and subsequently had them replaced within 1 week.
PRIMARY ANALYSES
At baseline before optical correction, children with ametropia scored significantly lower on the VMI (P = .005; mean difference score, 8.6; 95% confidence interval, 6.2-11.0) ( Table 5 ). The mean score of the ametropic group on the VMI was significantly lower than the norm value (P=.009), whereas the mean score of the emmetropic group was not (P = .19). There was no correlation between scores on the VMI and visual acuity tested at near and far prior to cycloplegia and correction (PՆ.44).
After wearing glasses for 6 weeks, there was a significant interaction on the VMI (P =.02), showing that the ametropic group improved by a mean of 6.0 points (95% confidence interval, 4.2-7.8) from baseline to 6-week reassessment compared with 0.0 points for the emmetropic group and reached the level of performance of the emmetropic control group (Table 5 ). There was a weak correlation between change scores on the VMI and the amount of refractive error expressed in sphere diopters and spherocylindrical power vectors of the best eye (Spearman 70 =0.24, P=.06; and Spearman 70 =0.27, P=.04, respectively). There was no correlation with visual acuity at near or far distance (PՆ .33).
SECONDARY ANALYSES
At baseline, children with ametropia also scored significantly lower on the WPPSI-R performance scale (P=.01; mean difference score, 7.0; 95% confidence interval, 4.9- 
9.1).
A groupϫsubtests multivariate ANOVA comparing the scores of the ametropic group with those of emmetropic control subjects on the WPPSI-R performance scale subtests as the repeated-measure variable yielded a main effect of status (F 1,68 = 10.3, P = .002), indicating that the ametropic group scored significantly lower on the subtests than the emmetropic control subjects (mean [SD] scores, 9.8 [2.8] vs 11.0 [2.3], respectively). The mean subtest scores of the ametropic group were below norm values, whereas those of the control subjects were not (Table 5) .
A main effect of subtest (F 5,330 =18.7; PϽ.001) showed that both the ametropic and emmetropic groups had similar scores on the 1 subtest in which only vision but not eye-hand coordination was involved, ie, picture completion. Scores on this subtest for both groups were above the norm value (Table 5) . There was no difference between the ametropic and control groups on the WPPSI-R verbal scale (P=.56) or its subtests (P= .39) ( Table 5) .
After wearing optical correction for 6 weeks, the ametropic group improved on the WPPSI-R performance scale, bringing their scores to the baseline level of the control group (Table 5) , but the amount of change between groups did not reach statistical significance (P=.17). Across performance scale subtests, a multivariate ANOVA revealed a trending difference (P=.10), indicating that the ametropic group improved more than the emmetropic group (mean [SD] scores, 6.5 [5.9] vs 4.3 [5.3] , respectively). Repeatedmeasures ANOVAs on the WPPSI-R verbal scale and multivariate ANOVAs on its subtests revealed no significant differences in change scores between the ametropic and emmetropic groups (PՆ.95) ( Table 5) .
Correlational analyses revealed no association between change on the VMI score and change on the WPPSI-R performance and verbal scale scores in the ametropic or emmetropic groups (PՆ.11). However, for children who performed under the norm value (ie, VMI score Ͻ 100) at baseline, there was a correlation between change on the VMI and verbal scale scores for the corrected ametropic group (r 22 =0.42; P=.05) but not for the control group (r 14 =0.009; P=.98). This suggests that improvement in visual-motor coordination scores after wearing corrective lenses may be associated with some improvement in scores on verbal abilities in children who performed below the norm value on the VMI.
There were no differences at baseline and at 6 weeks after wearing corrective lenses between the ametropic and emmetropic groups on the CBCL (P=.96). Average standard scores were in the normal range for both groups at both times 16 (Table 5) .
COMMENT
The baseline results showed that low-income preschool children with uncorrected ametropia as defined in this study had significantly reduced scores on standardized tests involving visual-motor integration skills when compared with group-matched emmetropic control subjects. Specifically, these alterations were found on the VMI and most of the WPPSI-R performance subtests requiring eye-hand coordination. The reduction of scores on the WPPSI-R performance scale in the ametropic group accounted for their lower scores on the full scale of the WPPSI-R. Because our subjects were tested using the VMI and the WPPSI-R, which are widely used, normalized, standardized measures with strong psychometric properties, it is possible to compare cognitive alterations of the children with ametropia with other conditions that affect young children's cognitive abilities. Reduced test scores in the ametropic group are comparable to those found in studies of preschool-aged children affected by nutritional deficiencies, 15 high blood lead concentrations, 21, 22 and low birth weight and prematurity. [23] [24] [25] Furthermore, because reduced scores on the VMI and the WPPSI-R found in this study are at levels that have been shown to predict lower levels of academic achievement, 10, 11, 15, [26] [27] [28] ametropia may be a risk factor for academic difficulties.
Since this study was limited to low-income children in standardized structured preschool programs, economic status and type of preschool instruction did not confound the findings. It is not known whether these findings would apply to all populations of preschool children affected by ametropia.
There are at least 3 possible explanations for reduced baseline performance in visual-motor integration skills of the preschoolers with ametropia. The first is that without spectacle correction, the children may not see testing materials. This possibility is unlikely because the tests use large, high-contrast materials. Moreover, the ametropic group did as well as the control group on the subtest that required only vision and no eye-hand coordination, ie, picture completion. A second possible explanation is that ametropia may be a risk factor for a neural alteration not yet understood. 8, 9 Finally, ametropia may make near tasks uncomfortable, interfering with development of visual-motor coordination skills in these preschoolers. 29 Our study also showed that after wearing glasses for 6 weeks, the ametropic group improved on the VMI to the level of the emmetropic control subjects, with the differences in scores between the ametropic and emmetropic groups no longer being statistically significant. Although the sample size was small, the magnitude of this change demonstrated that wearing glasses for 6 weeks improved the ametropic group to the VMI norm level. The ametropic group also improved on the WPPSI-R performance scale, but the amount of change did not reach statistical significance. Whereas VMI assesses only visualmotor skills, the WPPSI-R performance scale comprises measures that include not only visual-motor coordination but also spatial analysis and planning skills. Consequently, the WPPSI-R performance scale may not be as sensitive as the VMI to changes in visual-motor integration.
Improvement on visual-motor scores in the corrected ametropic group disagrees with the findings by Atkinson et al, 8, 9 who reported that children with glasses 30 did not show significantly better scores on the Movement Assessment Battery for Children at ages 3.5 or 5.5 years. However, their study was not designed to investigate change after refractive correction in young children. Instead, they compared, post hoc, children with glasses with children with uncorrected refractive errors. Furthermore, their measures did not include the VMI, which is widely used in clinical and research settings to assess alterations in visual-motor function. The improvement on the VMI in preschool children with ametropia following refractive correction for 6 weeks is similar to the time observed for improvement in anisometropic amblyopia with refractive correction in children aged 4 to 7 years. 31, 32 Further research, now under way with the study population used here, also may show continued improvement over a longer period.
Our study also suggested a possibility that poorer visual-motor integration scores may be associated with lower (REPRINTED) 
